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ABSTRACT 

The intensities of several helium spectral lines are analyzed 
for their dependence on pressure. Neutral helium was bombarded by 
protons, accelerated in a Van de Graaff generator to energies of 
1.6 MeV before they passed through an aluminum foil window into the 
collision chamber. Eight helium emission lines and one nitrogen 
line (impurity) were detected by photographic analysis of the 
collision spectrum at various pressures, Relative intensities of 
five of the helium emission lines were measured with photoelectric 
apparatus at pressures from 107?- DDO Terr.) binesr ot 66788, 72814, 
706 5A and 58768 show a similiar, but not exact, functional depend- 
ence on pressure. The 3889K line appears to have a quite different 


pressure dependence that may possibly be due to the nitorgen im- 


purity. Suggested experimental improvements are discussed. 
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I. INTRODUCTION 

The processes by which excited states of helium are formed 
by 1on-atom impact have been the subject of an increasing number 
of studies. These studies have progressively extended the pro- 
jectile energy range from earlier investigations of less than 
200 keV to 1 MeV. While these investigations are of fundamental 
importance in determining excitation cross sections and are valu- 
able in verifying theoretical predictions at high energies, they 
are based primarily on the simplifying assumption of the single 
hit condition. 

The single hit condition assumes an excitation cross section 
independent of pressure and thus demands a very low target particle 
density. The normal experimental procedure (under this assumption) 
is to have the collision take place in a differentially pumped 


4 5 


chamber under pressures in the region of 10 “° or 10 ~ Torr. 
Emission cross sections (or apparent cross sections as they are 
sometimes called) are then measured over a limited pressure range. 
[f the emission cross section 1s found not to be dependent on 
pressure, the single hit condition 1S assumed to be satisfied. If 
a pressure dependence is noted, as is often the case, the procedure 
has been either to operate in so called regions of non-dependence 
or to extrapolate the emission cross section to zero pressure and 
use that value. 

The next step in better understanding the excitation process 


is obvious. If the single hit condition is not satisfied, what are 


the processes leading to the formation of the excited states of 


helium? A Starting point in answering this question 1S an under - 
standing of the pressure dependence, if any, of the emission cross 
sections. Five helium spectral lines are observed as a function 
of pressure representing both para (singlet) and ortho (triplet) 


t7vansitions. 


II. BACKGROUND 
Neutral Helium may be excited by proton bombardment by direct 
excitation; 
4 + 
H + He = H + He(n,1L) 
or by charge transfer; 
+ + 
ll + He =H + He (n,1) 
or by simultaneous ionization and excitation; 


+ 


+ + . 
HW + He = H + He (n,1) + e 

Once excited, He(n,1) may fall to a metastable state or 
ground state by radiative decay, or it may be de-excited by 
col Paeonnl Urey . 

The rate of change of the population density of any state 1 
may be written as: 


1 
— = oy _N, - 2 ioe. Fs 
=F nv No. ee ei k ee F C.(n,N,V) (1) 


The first term on the right expresses the rate of collisional 
population in terms of projectile density (n), projectile velocity 
(v), target density N and the excitation cross Section O.. The 

; , ha 
second term provides tor population of the 1 State by cascade 
from all states k higher than 1, in terms of the transition proba- 


bila ok 


kG and the population density of state k, (N,)- The third 


term is a measure of the rate at which state 1 1s depopulated by 

radiative decay from state 1 to all states j lower than 1, also in 
terms Of transition probability ave and state density N.. The last 
term of equation (1) represents secondary processes such as colli- 
sional depopulation, collisional transfer and population by absorp- 
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tion of resonance photons. Gabriel and Heddle~ have developed a 


technique for determining the value of this function under single 
hit conditions by a method of simultaneous solutions. For brevity 
it is shown here simply as a possible function of n, v, and N. 


For steady state conditions, 





Equation 1 can be solved for a and is 


l z 
ee Ge en ee ge (Ta et el |e (2) 
1 nvN Jes Gy el Pe kek oe ee ae 
The normal sec enonnent which follows is to define an 
emission cross section in terms of the number of photons emitted/ 


sec/fcm of beam path, Ji: as 





a5 
Ca = 
ij NY ’ (3) 
where N is the number density of the target, I = nv A, the number 


of incident projectiles per second, A the beam cross sectional 
abe@a, and os... = AC. NcAs 
9) 1) 


Equation 3 is now 


the cross sectional area cancelling out. 


Making the appropriate substitution, equation (2) now becomes 


oy hee aN a) emes oN Ene ao. 
al i k>j ki : (9) 
where C' = C(n,v,N)/nvN. 
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For some specific state 1 (lower than i), the ti.tensity of the 
emission i>] transition may be related to the total photon emission 


by all downward transitions by 


Relating equations (3) and (6) and substituting where appro- 





Prmitve into equation (Sy) yields, 
2 A. 
1] Kl 
ee A - 3 e aoe 
A. A 1) k>, km Ay oe) 


The Second term on the right 1S the cascade correction and 
r& written in terme of the #tate m to show all emission functions 
Mnto i need not be mesroured. Any emission out of state m can be 
related to the total emission through the ratio of transition proba- 
Pir ties, This 1+ Hottuna@te, a+ the transition probabilities for 


helium are well known and have been tabulated by the Bureau of 


10 
Standards F 


It 15 now obvious that knowing J., for only a few transitions 
] 


] 


wil] lead to the determination of the excitation cross section cy 
Peer hie an. be neolecerced . 
The photoelectric apparatus will accept photons through a 


solid angle & and will deliver a signal ree by the relationship 


_ AT ° i g 
Mig TT KOD 7 


where L is the beam length and K(A) is a dimensionless factor which 
takes into account the systems detection sensitivity and losses due 


teuretraction and reflection at optical surfaces. 


age 


in (7 nay be deer tManecl by Weesuring the signal from a standard 
filament lamp under the same opti.e! conditions the collision is 


observed. For the wavelength under consideration, 


= Ke tA fF ] dw [WwW ; 
where E Is the emissive prwer mf the lamp at the wavelength of 


interest, D, the inverse dispersion of the spectrometer (A/mm) , 


i 
d the spectrometer exit slit width and wl the area viewed by the 
optical system. f, may be determined from the filament temperature 
which may be measured hy a pyrometer if this information is not 
furnished by the manufac ttrer. 

Solving (9) for K{A;, and substituting into equation (&) 


yields, 


ay ee 
oe tra, (10) 


Thus, ander single hit conditions, where O a4 1s not a function 


of N, and C! can be ignored, the excitation cross section can 


readily be determined by measuring Oe ase 
1 
2 E. Lane 
1 3 : 
: 8 a 
i] S NI 


it shouid be «chew that meither the solid angle w or Fhe 


coilision path lerg * & need be measured under there conditions. 


IT]. EXPERIMENTAL PROCEDURES 


Promtsgevi1on: iT, fe. is independent of pressure, equation 


(11) may be written as 


Pes Ci PR (12) 
here 
. 47 B,D. dwN kT 
Go SS z 
BOM: 
i] / 
Ie S ,/1 i1- a Weasure of the photon emission intensity 


relative to the photon beat current which is measured by the 
Optical apparatus. P, the target pressure, is related to the 
target denwity by the ideal gas law, PV = N kT. 

A plot of Intensity versus Pressure should result in & 


Siteemaht linc with & “Mop on C’, 18 ay 1s independent of pressure. 


mie Hiei) COLE TSION SPECTRUM 

The proton beam was produced by a 2 MeV Van de Graaff 
Particle iceCloravor and mush, analyzed by a magnet which bends 
the beam through an angle of 10°. A thin aluminum foils (about 
Leo hon? cm) Was used to separate the particle drift tube from 
the collision chamber. The collision chamber was constructed of 
pyrex and Litted with an aluminum faraday cup to measure the pro- 
{on beam current. A 3.7 cm quartz lens, (f = 160.3 cm) was used 
to focus the collision spectrum on the optical apparatus. This 
apparatus is shown schematically in Fig. 1 and photographically 
Mic ide os 

Mid wav between the collision chamber and viewing lens is the 
vacuum manifold (below) and a gas control manifold (above). The 


vacuum system, consisting of a 2 inch 011 diffusion pump, backed 


is 


up by a eirgle fore pump, Was tapable of evacuating the chamber to 
4x ie Torr. The control manifold provided 5 inlets into the 
collision chamber, (numbered in Fig. 1). The ports were used for; 
(Il) (gas--intets (2) Wallace Tiemann, *) oe 70 lori pressure Gauge, 
(3) ion gauge; (4) fore pump; and (5) a mercury monometer. 

The beam was viewed at Ot to the collision chamber by the 
optical apparatus. 

To determine the purity of the target gas, the collision beam 
was photographed by a large Gaertner L254 Quartz spectrometer, 
shown schematically in Fiy. 2. This spectrometer provides photo- 
gxraphic coverage from 19004 te 80008, on photographic plates 
ioe I inches, 

Numerous unsuccessful attempts were made to obtain a spectro- 
Scopically pure helium photograph. These attempts included water 
pumped commercial helium and vapor from liquid helium. These pro- 
cedures led to spectrographs of primarily nitrogen and some other 
Impurities but no helium Lines were evident. 

The most satisfactory procedure was to pump the system for 
several hours, saturate it with research grade helium and 1epump 
) Sere x cea wo ere Was ok Seg 

Research grade helium ‘rated single impurities of 2 parts per 
million of neon by the manufacturer) was used and the tank was 
connected directly through a gas regulator to the inlet manifold. 
Even with this procedure a single Nitrogen Line (39148 ) was still 


evident at pressures above 50 Torr. 


Photographs were tuk@m at pressures or DO [@rf, :'4b Torr, 
200 Torr, and 600 Torr with varying results. Beam curient> of 
210 2.59 Microamp were Wommon at an indicated particle energy 
of 1.65 Mev. kXpomure times varied from 1.5 to 3 hours. lee 
general, It was MWece vary to increaye exposure times at ]ower 
Ol @eSulee Jor maliiyfattory results. 

[t became @Mident that empasion intensity would be the cri- 
[ec es ee ey a eo ae Pociela ING the beam current does Increase the 
mtensity but cnrirent- of 4 @reroamps and higher result in very 
short dife for the alumtryin windows. 

fhe phol@@g¢apilmet wei: made on Kodak emulsion 1-N fond 10 3F 
pl.it@es. Best 1esult were obtained from the [=N which is designed 
for wavebonath= up tu JOUR, 

Pree ane ade ie from the plates are listed in Trable [ 
along With ter corigg~mpoirling Transitions, and they are sahown 


schemattoally om the cWergy-statd@ diagram in Fig. 3. 


Table PF. Observed Helitum Spectral Ihines by 
Photographie analysts 


Waveleongtt Tiree} eR an 
sai 
{am TR > me 
l pl 
S9Oq. : , y : 4 }? 
Ret a 2p 41 
i } 
yee cs ae age 
ae? op <p 
I 1 
Gites]. 4 ee om. Lae 
Bee es, Pp vs 
] | 
Lil A Ps }? ie 5 
It ~bould be Wtet? that many of the Uptically allowed tran 


sitions fell out-tde the observable range of the optical equipment, 
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Figure 1. Top view of collision chamber showing the 
relative positions of the drift tube, vacuum 
system and control manifold 





Figure 2. Schematic representation of the Gaertner 
L254 Quartz Spectrometer Optical System 


TNT ENSITY VS: PRESSURE 

The helium ga= was let in through a needle valve into the 
thoroughly evacuated collision chamber to a pressure of about 
50 Torr. The beam was then admitted into the chamber. Light 
from the collifion region was focused onto the entrance slit of 
3 O.2) meter Jarre) A®h mMonochrometer. The monochrometer is 
designed to seleet light of wavelengths from 15008 0 9O00KR Be LOR, 
Due to flow inteneithe , however, It was necessary to use wider 
bats which greatly reduced this resolving power. The monochro- 
meter Was Manualiy Ct to pass the desired wavelength to a dry-ice- 
cooled #M 10) -1] photomultiplier assembly. A 7102 photomultiplier 
tube wae usmd and operated at 1250 volts (negative). The output 
Current from the prbotomultiplier went to a current integrator 
where the total charae collected way recorded. The entire optical 
assembly was then covered with a black cloth to reduce the amount 
of stiay light while the chamber was again evacuated. With the 
entrance siit covered, the beam was again turned on and the beam 
current integrator was allowed to accumulate 1500 microcoulombs. 
The time reg@aegied tor th}— collection and the total charge col 
lected by the photomultiplier integrator were recorded, Figure 4 
shows a schematic representation of the photoelectrical set-up. 
Figures ]0, and Vg are photographs of the apparatus. 

The chai ge thus collected divided by time was taken to be the 
dark current. This value multiplied by the time for subsequent 
readings was subtracted from the photomultiplier output. 

Phe initial data were taken with the diffusion pump engaged 
and the entrance slit exposed. This was considered to be the zero 


pressure readinar. [he beam was turned on from the control console, 
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Energy-states diagram for photographically 


detected He spectrum lines by H*t bombardment 


(s¢C Fig, 17). This automatically activated the timer, beam cur - 
rent integrator and photomultiplier current integrator. At each 
selected pressure the helium pressure, time, photomultiplier cou- 
lomb collection und beam coulomb collection were recorded. Pres- 
sure intervals of 1 or 2 Torr were initially selected up to 50 Torr, 
then various convenlent intervals were selected up to a maximum 
pressure of “60 Torr, It was found that the intensity behavior 
rome lied constant wa ter about $00 or 500 Torr. Subsequent runs 
were made at less trequent intervals to reduce the effect of the 
changing dark current. It was observed that the dark current would 
remain essentially constant over a time span of about 2 hours. 
Af Wer that, the dark current rose rapidly and could no Jonger be 
assumed constant. Repacking the photomultiplier assembly with ary 
1¢@@ did not altet this phenomenon. Cooling by liquid nitrogen 
Vapor also proved to be unsuccessful in prolonging the effective 
{imme ior 2 constant dark current. 

From the data collected as described above, the transition 


intensity was computed as; 


R -— (Ph DC x t)/B; (1%) 
Were ly ™aharge calleered via P.M..assembly, DC = Gark current, 
t *@ time, and B §& charge collected by the beam integrator. 


Five lines observed by the photographic analysis were measured 
by this technique. [It was impossible to study 3 of the lines due 
to the Low intensities involved. It was even necessary to use wider 
slits than those provided in the monochrometer to study the five 
lines. The monochrometer has standard slits of .1 mm. The slits 


used were about .& mm wide. 
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Schematic of optical apparatus for intensity 


Figure 4. 


pressure measurements 


vs. 


20 


[Vee URE SUP SAND: CONCLUSIONS 

[ntenBitied at desc: ibed above were measured vs pressure for 
the Singlet lines; LO7SK (er - <0 and 72814 (2) - sce and 
the triplet lines; LSSOK (27S - sory. 5876A (25p - 3°D) and 

; ) ) 
W0GuA (2 °P 5). A plot of intensity vS pressure for these lines 
be shown in Figa. 9, 6, 7, & and 9 respectively. 

The yingtet transition intensities appear to have a similar 
functronal dependence on pressure that rapidly increases up to 
about POO Torr where they undergo a levelling off eftect. This 
rs followed by o continuous general rise in intensity to the 
Nae MUM pees «1 eet. 

The triplet tiransttrons show no such functional similarity 
except for the “O65 Line which 15 similar to the 2 singlet lines 
neni moned ahowe.s Ihe BGO line-also rises rapidly during the first 
100 torr of pressure. The $&%Yy Tine has a slight sigmoidal tend- 
ency which suggest. ’ aintluencing factors are possibly responsible 
fot rts pecubiar behavior. The 5876 line indicates a very rapid 
tae 11) intense), Meaehing 115 near maximum at «about 25 Torr and 
then a slight gujjetal tise with pressure similar to the other lines. 

lt is obvious tiom these curves that there is, indeed, a 
functional dependerce of the emission cross sections on pressure 
which is to be expected. The single hit condition is hardly ex- 
pected to hold at these high pressures, 


From @eu@rviron ®. 


eae A. 
K 1 Li 
+ >). ‘ el — a F; u 
i | } k>j km A ae % Ae. ae. 
km ja 13 


Rot 


C(t so ylow @ifiewn onty as a function of Ns In others experiment the 
velocity and projectile density were held relatively constant. 
In fact, for a given emission i—1, all of the terms are constant 


except C'(N), and equation (14) may be written as; 





ab 
= Set fey: 1 
gaat cern tS) ae ae (15) 
a, oD 
Bquation (12) may be written as; 
R 
., = =~). 16 
oi] 2 (p) ( ) 


A and D in equation (15) and (16) are constants. Since N © P, 


Ct(N) ~ C'(P). Equating (15) to (16) yields, 





i R = a ® a sates = 
D(5) = A - C'(P) x SAG : (17) 
j~1 


Substituting trom equation (6) and multiplying both sides 


by P/R yields: 


ee: eh ee 
D= Ax(s) - CI(P) x =— 7— * (5) - (18) 
Sr ee 


From equation (10), ee Sy? poe), wee = S.,/1, where [~ in this 


experiment 18 held constant. For any given emission, % J.. will 
yer 12 


eithe: be a constant or a function of pressure, P. Equation (18) 


can now be written as, 


D= A(=) - f(P) x B, ox 
Ee FG ' 
R YG ce ie ee ee Ol (19) 


where $(P) is some unknown function of pressure, and E' and Dt 


ae J 
are constants absorbing AS 


The same data shown in Figs. 5, 6, 7, 8, and 9, were used to 
Plot ve PrP. It Ona the quantity of interest, is singly de- 
pendent on pressure, P/R vs. P should plot as a straight line from 
Sotretions (eo) and (19). 

Pidguree 10, 11,12, 14,cand 14 Show the results of this 
Manipulation. 

The two SBiglét liice., HO78A and 7281A, again show a similar 
functional dependence. Although the sharp rise noted earlier has 
been smoothed out, there is still a slight bow in the curve, 

The triplet lines show a slight uniformity. The 7065 line 
has an appslent curve up to about 40 Torr after which it is 
essentially linest. Corversely, the 5876 line is linear up to 
about 150 [or:, diemnircoh 11 exhibits a slightly decreasing 
GUIrVe with din teas 1ny pol @gBure. The 3889 line shows a very 
peculiar functional relationship. The apparently sudden drop in 
Intensity above »0 Torr may possibly be explained by the nitrogen 
impurity commentéd on earlier in Section IIL. The nitrogen line 


at : : : 
(39144) in N.. The energy :1equired to ionize N, 16 14,5 eV. Tis 


? 
added to $3.1 Wes 145400 914A is 17.6 eV, which is roughly equal 
to the ae Metastable state energy of helium (about 19.7 eV, from 
Fige 3). %It is ploposed that as the density of helium atoms in 
the metastable he state increases, more are available to transfer 
their energy to the relatively few nitrogen atoms in the collision 
chamber. This hypothesis 18 also indicated by the apparent rise 


in intensity of the nitrogen line on the photographic plates. No 


intensity vs pressure measurements were made of the nitrogen line. 


tO 
ow 


UV SUMMARY 

There appears to be no simple general Lune tionel dependence 
of emission cross section on pressure. However, Similarities do 
exist ip several of the Jines which hints that @& general relation- 
ship may exist. 

The only Line very divs imtlar wae the ;480K Line which is hypo- 
thesized as being caused by an excitation transfer to the nitrogen 
impurity. 

Improvement. in the experimental technique may present a more 
accurate indication of this dependence. it was pointed out earlier 
that three of the lines visible by photographic methods were of 
too low intensity to be studied as a function of pressure. This 
study meeds to be done. 

A= thts paper is heing written, steps are being taken to modify 
the optical apparatus which may render this analysis feasible. A 
mechavtcal chopper 15 to be employed in conjunction with a lock-in 
frequency amplifier. The siqnal from the photomultiplier tube will 
then he alternating current. This will greatly decrease the etfect 
ii: Cites aroun cit. (dos) avn, “14s Pe. i. “Wowk Wea) 4 ane pe 
mitting anaJyo1is of lines of very weak intensity. This increased 
effective intensify cshoutd also permit the use of the regular mono 
chrometer slits which will result in higher wavelength resolution, 

Absolute measurements have not been attempted in this paper. 
ds Onlv relative value. wete required to obtain tlhe general picture 


Of the pressure dependence. This experiment was carried out at 


indi@@ted protor energres in the region of 1.6 MeV + .10 MeV. fle 
is the energy of the beam prior to penetration of the aluminum foil. 
The setual coaltasional energy of the protons will have to be deter - 


mined prior to any absolute measurements. 
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Figure 5. 





Intensity vs Pressure. 
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Figure 6. Intensity vs Pressure. 72818 (2+p - 4°65 
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Figure 7. Intensity vs Pressure. 3889K (29s - 3°p). 
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Figure 8. Intensity vs Pressure. 58762 (2°p - 32D). 
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Figure 9. 
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Intensity vs Pressure. 70658 (22p - 3 
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Figure 10. Pressure/Intensity vs Pressure. 66788 
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Figure 11. Pressure/Intensity vs Pressure. 
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Figure LZ; Pressure/Intensity vs Pressure. 70658 
(29p - 39s). H” on Helium. 


a 


003 


001 


308 


Pressure/Intensity 
(Terr/Arbitrary units) 


x 
x 
x 
G18 
Figure» 13. 


Pressure in Terr 


Pressure/Intensity vs Pressure. 


(2p ~ 33p). H’ on Helium. 


34 


5876R 


CUS 


C02 


002 


001 


000 


Press re/Intenaity 


(Porritt rary ini te) 


x 
~ 
x 
x xX 
4 
x 
Me me x 
Xxx x * 
x 
Pas 
x 
x 
yA 
x 
x 
Pressure in Torr 
ns ee ee ee ee 
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Figure 16. Optical equipment in position. 
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